To examine Gojobori and Nei's hypothesis that the immunoglobulin heavy-chain variable-region (Vu) genes in mammals are subject to diversity-enhancing selection, we studied the rates of synonymous and nonsynonymous nucleotide substitution in the complementarity-determining regions ( CDRs) and in the framework regions (FRs) of mouse and human Vn genes. The results obtained indicate that the nonsynonymous rate is higher than the synonymous rate in CDRs, whereas the reverse is true in FRs. This observation supports Gojobori and Nei's hypothesis and suggests that diversity-enhancing selection (similar to overdominant selection) operates mainly in CDRs and that this is one of the evolutionary factors that increase antibody diversity.
Introduction
Immunoglobulins are composed of heavy and light chains, each of which consists of the constant and variable regions. From the developmental point of view, immunoglobulin (antibody) diversity is generated by rearrangement of constant-region, variable-region, D, and J segment genes; somatic mutation; and insertion/deletion ( Leder 1982; Tonegawa 1983 ). However, the major determinant of antigen specificity is located in the variable region, and variation in the variable region is generated largely by the repertoire of a large number of variable-region genes in the genome. This repertoire of variable-region genes has been produced by gene duplication that has occurred repeatedly over evolutionary time spanning hundreds of millions of years. Therefore, from the evolutionary point of view, immunoglobulin diversity is generated by gene duplication (Hood et al. 1975) . In a phylogenetic analysis of heavy-chain variable-region (Vn) genes, however, Gojobori and Nei ( 1984) noticed that the rate of gene turnover during the evolutionary process is much slower in the Vu multigene family than in the ribosomal RNA gene family. On the basis of this observation, they suggested that the VH genes are subject to positive Darwinian selection that increases the variability of variable-region genes. If this suggestion is correct, it is an additional evolutionary factor for increasing immunoglobulin diversity. However, they did not provide convincing evidence for their hypothesis.
Recently, comparing the DNA sequences of alleles from the major histocompatibility complex (MHC) loci in humans and mice, Hughes and Nei ( 1988, 1989) showed that the rate of nonsynonymous (amino acid-altering) nucleotide substitution is significantly higher than that of synonymous substitution in the antigen recognition site. Taking into account Maruyama and Nei's ( 198 1) theoretical study on codon substitution, they interpreted this finding as evidence for overdominant selection operating in the antigen-recognition site. In hope of finding similar evidence, we examined the pattern of nucleotide substitution in the Vn genes from humans and mice. The results obtained are presented in the present paper.
Note that in this type of study the rates of synonymous and nonsynonymous substitution should be computed per synonymous site and per nonsynonymous site, respectively, rather than merely by computing the relative abundance of synonymous and nonsynonymous nucleotide differences in a DNA region of interest, as was done by Givol et al. ( 198 1 ), Loh et al. ( 1983) ) and others. The reason for this is that the number of synonymous sites (S) is usually much smaller than that of nonsynonymous sites (N) and that the relative values of S and N vary with DNA region.
Material and Methods
The variable region of the immunoglobulin heavy chain is composed of three complementarity-determining regions (CDR 1, CDR2, and CDR3 ) and four framework regions ( FR 1, FR2, FR3, and FR4), the complementarity-determining regions being responsible for antigen binding. FRl, CDRl, FR2, CDR2, and FR3 are encoded by exon 2 of the variable-region (Vn) gene, whereas CDR3 and FR4 are encoded by the D and J segment genes (Tonegawa 1983 ) . Both mouse and human genomes contain at least several hundred Vn genes (Livant et al. 1986; Berman et al. 1988) , and these genes are classified into several subgroups according to sequence similarity (Kabat et al. 1987) .
In the production of immunoglobulins, each of these Vn genes is combined with one of each of the D segment, J segment, and constant-region genes to produce a single type of immunoglobulin.
In this case, only one of the two alleles at a Vn locus is chosen, and the other allele is eliminated (allelic exclusion). However, when another type of immunoglobulin is produced, the other allele may be used. Therefore, heterozygotes for a particular Vn locus are expected to be better protected from foreign antigens than are homozygotes.
Unfortunately, most DNA sequences for Vn genes come from different loci rather than from the same locus, so that it is difficult to compare alleles from the same locus as in the case of MHC loci. However, for our purpose we can use these sequence data because variation among Vn genes is also a source (actually a major source) of immunoglobulin diversity, and what is adaptively important is this diversity, rather than heterozygosity itself. Therefore, if there is selection in favor of more immunoglobulin diversity, CDRs are expected to have a higher rate of nonsynonymous substitution than that of synonymous substitution, since variability in CDRs of immunoglobulins is determined by variation in amino acid sequences in this region. By contrast, FRs are expected to have no such pattern of nucleotide substitution, because they are not directly involved in antigen binding. If there is no positive or negative selection, the rates of synonymous and nonsynonymous substitution are expected to be the same. If there is purifying selection, the former is expected to be higher than the latter.
In this type of study, however, it is important to use only closely related DNA sequences. The reason for this is that in CDRs amino acid substitutions are expected to reach a saturation level relatively quickly because ( 1) there are conserved amino acids even in CDRs and (2) V71-2 (9), Vll (lo), V79 (lo), V12G-1 (lo), V2-1 (lo), V58 (10) NOTE.-Numbers in parentheses are references for the DNA sequences used and are as follows: (1) = Givol et al. (1981) ; (2) = Bothwell et al. (198 1) ; (3) = Maizels and Bothwell (1985) ; (4) = Cohen et al. (1982) ; (5) = Cohen and Givol (1983) ; (6) = Blankenstein et al. (1984) ; (7) = Schiff et al. (1985) ; (8) = Rathbun et al. (1988) ; (9) = Kodaira et al. (1986) ; (10) = Lee et al. (1987). acids are favored over others (see Results). A similar tendency was also observed in the MHC loci (Hughes and Nei 1988, 1989) . As mentioned earlier, the Vn genes of immunoglobulins can be divided into several subgroups according to sequence similarity. The sequence divergence between different subgroups of VH genes is so large that intersubgroup comparisons give no useful information (e.g., see Gojobori and Nei 1984) . Even the intrasubgroup sequence divergence is quite high in many VH gene subgroups. Surveying the literature, we identified 2 1 functional VH genes belonging to mouse subgroup II and six functional genes belonging to human subgroup IV that could be used for our purpose (table 1) . [The human subgroup IV gene, V7 1_4 ( Kodaira et al. 1986 ), was excluded from the present analysis, because there was only one nucleotide substitution compared with V7 1_2 .] The average number of nucleotide differences per site for mouse subgroup II and human subgroup IV was 0.134 and 0.068, respectively.
Although we considered only closely related sequences, the human genes showed insertions/deletions when they were compared with each other. In our study we used the sequence alignments produced by Kabat et al. ( 1987) or the original authors (Lee et al. 1987) , except the one for human V 58. In aligning the sequence with five other subgroup IV sequences, Lee et al. ( 1987) inserted a deletion in codon positions 30 (in FRl ) and 33 (in CDRl ), whereas they placed deletions in positions 32 and 33 (in CDR 1) for gene VT 1_4. In practice, it is more reasonable to place the two deletions of V58 in positions 32 and 33, because the FRs are usually not subject to deletion/ insertion events and because this new alignment gives the same amino acid (serine) as that of the other sequences in position 30. We therefore used this revised sequence alignment in the present study. In the present study we used only germ-line gene sequences, to avoid the effect of somatic mutation. We did not use pseudogenes because in the present paper we are interested in natural selection.
Our analysis of the rates of synonymous and nonsynonymous substitution was slightly different from that of Hughes and Nei ( 1988, 1989) . We used the proportion of synonymous nucleotide differences per synonymous site (ps) and the proportion of nonsynonymous differences per nonsynonymous site (pN) without using the JukesCantor correction. The reason for this is that in the present case the number of codons in CDRs was so small that the Jukes-Cantor distance was not always reliable. In the computation of ps and p N, Nei and Gojobori's ( 1986) method I was used.
Results
The pattern of nucleotide substitution in seven VH genes belonging to mouse subgroup II is illustrated in figure 1 . (The leader peptide portion is not included.) 108A TGG GTG MG CAG AGC CAT GGA AAG AGC CTT GAG TGG ATT GGA 186-1 -we -mm e-e -we e-G - Kabat et al. ( 1987) . A dash (-) indicates a nucleotide identical with that of gene 108A.
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ownloaded from https://academic.oup.com/mbe/article-abstract/6/5/447/1088568 by guest on 16 There are five codons in CDRl and 17 codons in CDR2, the remaining 76 codons being in the FRs. The FRs show many substitutions at the third nucleotide positions of codons that are synonymous.
This pattern of nucleotide substitution is similar to that of most eukaryotic and prokaryotic genes (Kimura 1983; Nei 1987) and suggests that amino acid substitutions in these regions are subject to purifying selection. In CDRs, however, many nucleotide substitutions are observed at the first and second nucleotide positions, suggesting that a high proportion of nucleotide substitutions are nonsynonymous. Table 2 shows the ps and pN values for pairwise comparisons of the sequences in figure 1. In most sequence comparisons, pN is greater than ps in CDRs, whereas the reverse is true in FRs. Therefore, our conclusion from visual inspection of figure 1 is confirmed. However, partly because of the small number of codons involved, the difference between pN and ps in CDRs is statistically significant only for two comparisons. Table 2 also shows the tendency that the ratio pN/ps in CDRs decreases as either ps or the proportion of different nucleotides for the entire region (p-r) increases. Apparently there is a saturation effect in nonsynonymous substitution in CDRs. To derive a general conclusion, however, we must examine all DNA sequences collected. The ps and pN values were therefore computed for all pairwise comparisons in mouse subgroup II and human subgroup IV VH genes. In the following we present only the mean values (0s and PN) of ps and pN for each of the three different classes of comparisons with pT = 0.0-O. 10,O. 10-O. 15, and 0.15-0.25, since the total number of comparisons is very large. These mean values with their SEs computed by Nei and Jin's ( 1989) method are presented in table 3. In CDRs of mouse VH genes, fiN is greater than OS for all classes of p-r values, though the difference ON -ps is statistically significant in none of the three pT classes. Examination of individual sequence comparisons, however, revealed that pN was significantly greater than ps in eight comparisons of the 2 10 at the 5% level and in 20 comparisons at the 1% level, whereas ps was significantly greater than pN in none of the COmparkOns. In FRs, ON is significantly lower than fis in all pr classes. Furthermore, comparison of CDRs and FRs indicates that & is significantly higher in CDRs than in FRs, whereas 0s is nearly the same for both CDRs and FRs. These results suggest that amino acid replacement in CDRs is accelerated by positive Darwinian selection. Table 3 rifying selection is involved in FRs. In CDRs, however, the pN/ps ratio declines as ps increases, suggesting that a saturation effect exists in amino acid substitution. This saturation effect seems to be caused mainly by two factors. One factor is The other factor is that amino acid usage is highly biased in CDRs and that only a few different amino acids are used even in highly variable residues. This can be seen by comparing the relative amino acid or codon frequencies occurring in CDRs and FRs (table 4) . In CDRs, leucine and valine are rarely used, compared with the usage of those amino acids in FRs, whereas tyrosine, asparagine, lysine, glycine, and serine encoded by ACT and AGC are often used. In particular, if we consider highly variable residues ( c XT < 0.40, where xi is the relative frequency of the ith amino acid at a given residue among the sequences considered), -64% of amino acids are accounted for by asparagine, tyrosine, glycine, and serine. Essentially the same pattern of amino acid usage is observed in other subgroup genes. It is also interesting that there is a substantial difference in codon usage between CDRs and FRs. For example, serine is almost exclusively encoded by the AGT and AGC codons in CDRs, whereas codons TCT, TCC, TCA, and AGC are used in FRs. In general, twofold-redundant codons are used more often in CDRs than in FRs. This results in a high rate of nonsynonymous substitution. The number of human Vn gene sequences available for the present study is only six, so that the data are not as informative as those for mouse Vn II genes. Furtherrnore, the p-r value is ~0.1 for all comparisons.
However, the results obtained show that pN is higher than ps in CDRs, whereas it is lower than ps in FRs, though the differences are not statistically significant. The difference in pN between CDRs and FRs is again significant at the 5% level. Therefore, the pattern of nucleotide substitution in human Vn genes is roughly the same as that in mouse Vn genes.
Discussion
We have presented evidence that, compared with the neutral rate, the rate of nonsynonymous nucleotide substitution in the CDRs of immunoglobulin Vn genes is enhanced by positive Darwinian selection, though the evidence is not as strong as that for MHC loci. There are several forms of selection that may enhance the rate of nonsynonymous substitution. One is selection for advantageous mutations.
In the present case, however, this form of selection is not important, because it cannot explain the high degree of Vn gene diversity in the presence of unequal crossing-over or gene conversion. Unequal crossing-over (or gene conversion), which is almost unavoidable in multigene families, homogenizes the DNA sequences of member genes (Smith 1974; Ohta 1983) . Thus this mechanism has been used to explain the high degree of homogeneity of members of the ribosomal RNA gene or histone gene family. By contrast, mouse and human Vn genes are extremely heterogeneous (Gojobori and Nei 1984) . It seems, therefore, necessary to assume that these genes are subject to diversity-enhancing selection that counteracts the homogenization by unequal crossingover (Gojobori and Nei 1984) . There are at least two forms of diversity-enhancing selection that may accelerate nonsynonymous nucleotide substitution. One is overdominant selection, and another is a special type of frequency-dependent selection. Nei and Roychoudhury ( 1973) showed that the probability of fixation of an overdominant mutation in finite populations is higher than that of a neutral mutation when the selection coefficients for two types of homozygotes are more or less the same. Using the infinite-site model of mutations, Maruyama and Nei ( 198 1) later showed that the rate of codon substitution for overdominant mutations is considerably higher than that for neutral mutations. Furthermore, overdominant selection enhances the extent of polymorphism (heterozygosity and the number of polymorphic alleles) tremendously compared with that of neutral mutations.
In the case of immunoglobulins, Vn gene diversity both w*ithin and between loci is apparently beneficial, so that the population dynamics of mutant genes for this type of selection will be similar to that for overdominant selection. The high degree of Vn gene diversity and the enhanced rate of amino acid substitution in CDRs can, therefore, be explained by diversity-enhancing selection similar to overdominance.
One form of frequency-dependent selection that may enhance the rate of codon Downloaded from https://academic.oup.com/mbe/article-abstract/6/5/447/1088568 by guest on 16 March 2019 substitution is the one proposed to explain MHC polymorphism ( Bodmer 1972) . The basic idea is that an individual carrying a new mutant allele has a selective advantage because pathogens will not have had the time to evolve the ability to infect host individuals carrying a new mutant antibody. Under this hypothesis, new mutant alleles at Vu loci always enjoy a selective advantage, but the advantage gradually declines as the allele frequency increases. Therefore, old alleles will be eventually eliminated by selection or genetic drift, resulting in a constant turnover of alleles in the population (Hughes and Nei 1988 ) . This model increases the rate of nonsynonymous nucleotide substitution but cannot explain the high degree of gene diversity (N. Takahata and M. Nei, unpublished data) . Furthermore, in the case of immunoglobulins this model does not seem to be realistic, because there are many loci contributing to Vn gene diversity and because the advantage (if there is any) of a new mutant allele will be very small. Therefore, it seems that the diversity of Vu genes and the high rate of nonsynonymous nucleotide substitution in CDRs are caused mainly by overdominant selection or by a similar type of diversity-enhancing selection. The above arguments suggest that both MHC polymorphism and Vn gene diversity are subject to the same type of diversity-enhancing selection. However, the ratio ( pN/ ps) of the rate of nonsynonymous substitution to that of synonymous substitution is smaller in CDRs of Vn genes ( -1.3 ) than in the antigen-recognition site of MHC loci ( -3 ) (Hughes and Nei 1988, 1989 ) . Part of the difference probably arises because Hughes and Nei compared different alleles from the same locus, whereas our sequence data came from different loci. In the presence of an apparent saturation effect in nonsynonymous substitution, sequence data from different loci are expected to give a somewhat smaller pN/ps ratio.
However, the real reason seems to be that the intensity of selection is lower in Vn genes than in MHC genes. This is because ( 1) the number of loci involved in MHC polymorphism (only a few in both class I and class II loci) is much smaller than that in the Vn gene family and (2) the diversity of the immunoglobulin variable region is generated not only by germ-line gene diversity but also by somatic mutation and insertions/deletions, as mentioned earlier. Indeed, Gojobori and Nei ( 1986) showed that if immunoglobulin diversity is determined mainly by the number of different amino acid sequences of the variable region, the contribution of somatic mutation is substantial.
While the extent of intralocus polymorphism in the Vn gene family is not known, some of the constant-region genes are known to be highly polymorphic. For example, the heterozygosity of the immunoglobulin Gm 1 system (IGHGl ) is known to be >50% in many human populations ( Roychoudhury and Nei 1988) . Schreier et al. ( 198 1) examined the nucleotide sequences of two alleles, ZgG2a" and ZgG2a b, at the mouse constant-region locus y2a and showed that there are 10% ( 1 1 1 / 1,114) nucleotide differences between the two alleles. These observations suggest that Vn gene loci are probably highly polymorphic.
It would be interesting to examine the extent of intralocus polymorphism at Vn gene loci quantitatively. In the past it was not easy to detect overdominant or other balancing selection at the molecular level. For some years, the only case of overdominant selection established at the molecular level was that for the sickle cell anemia gene in humans. As mentioned earlier, Hughes and Nei ( 1988, 1989) recently presented evidence that overdominant selection operates at the MHC loci. Nei (accepted) also suggested that serine protease inhibitor loci in vertebrates might be subject to overdominant selection. If our conclusion that diversity-enhancing selection operates at the Vn gene loci is correct, it will represent an additional case of balancing selection. It is interesting to note that both MHC and Vu genes are involved in a defense system used by vertebrates to combat invading pathogenic microorganisms and that serine protease inhibitors are possibly involved in a similar defense system.
